There remains a great need for diagnosis of inflammatory bowel disease, for which the current technique, colonoscopy, is costly and also has risks for complications. Attenuated total reflectance Fourier transform infrared spectroscopy is a new screening technique to evaluate colitis. Using second derivative spectral deconvolution of the absorbance spectra, a full set of spectral markers were identified based on statistical analysis. Using this method, Amide I group frequencies, (specifically, α-helix to β-sheet ratio of the protein secondary structure) were identified in addition to the previously reported glucose and mannose signatures in sera of chronic and acute mice models of colitis. We also used the same technique to demonstrate that these spectral markers (α-helix/β-sheet ratio, glucose and mannose) are recovering to basal levels upon anti-TNFα therapy. Hence, this technique will be able to identify changes in the sera due to diseases.
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| INTRODUCTION
Inflammatory bowel diseases (IBDs) are chronic inflammatory disorders that affect the gastrointestinal tract and are characterized by episodes of relapse and remission. Although the pathogenesis of IBDs and its 2 clinical forms, Crohn's disease (CD) and ulcerative colitis (UC), is not entirely understood, researchers have identified [1, 2] genetics, environment and most notably microbiota as influential factors. Having UC [3] or CD put patients at higher risk to developing colorectal cancer which is a leading cause of mortality in developed countries [4] [5] [6] . Screening and monitoring of colitis remain to be a challenge [7, 8] . It has been reported that infrared spectroscopy of body fluids have great clinical applications for detection and monitoring of various cancer [9] and health conditions [10] . In addition, using models of experimental colitis, potential precursor of colon cancer, that attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy has been proven [11] to be a potential screening tool. This rapid [12] diagnostic technique [13] provides information on the molecular composition of a sample of dried serum while requiring minimal sample preparation [14, 15] . This technique specifically identified higher levels of mannose in colitic sera [11] . The importance of protein secondary structures and its strong correlation to its functions has been extensively reported in previous studies [16, 17] . We propose to use these protein secondary structures, that is, α-helix and β-sheet, as new and original markers for colitis. Herein, we thus report that ATR-FTIR spectroscopic technique can detect changes in the protein secondary structures which can be correlated to various disease statuses [18, 19] .
| MATERIAL AND METHODS

| Mice
Three-week-old female C57BL/6 wild type (WT) and interleukin 10 knockout (IL10−/−) mice were obtained from Jackson Laboratories (Bar Harbor, ME). Toll-like receptor knockout (TLR5−/−) mice were grown in our facility. Mice were group housed under a controlled temperature (25 C) and photoperiod (12:12-hour light-dark cycle) and fed ad libitum. Animal experiments were approved by the Institutional Animal Care and Use Committee of Georgia State University (Atlanta, Georgia), and performed in accordance with the guide for the Care and Use of Laboratory Animals by US Public Health Service. All procedures were approved under the IACUC protocol #A14010.
| Development of colitis in IL10−/−
IL10−/− mice develop colitis on a time-dependent manner. In order to assess the intestinal inflammation in those mice at different times of colitis development, feces were collected at weeks 4 and 14 to measure Lcn-2. Blood was collected at weeks 4 and 14 to obtain sera by centrifugation using serum separator tubes (BD Biosciences, Franklin Lakes, New Jersey).
2.3 | Anti-TNFα antibody treatment of IL10−/− mice IL10−/− mice were treated twice a week from 4 weeks of age (28 days) to 14 weeks (98 days) by intraperitoneal (IP) injection of equal volumes of either anti-murine tumor necrosis factorα (TNFα) antibody (10 mg/kg, 200-250 μg, CNTO5048, kindly provided by Janssen Biotech, Horsham, Pennsylvania) or phosphate buffered saline (PBS). The blood was collected at 4 and 14 weeks to obtain the serum and measure the spectroscopic spectra. Mice were euthanized at 14 weeks and colon was collected for quantitative polymerase chain reaction (qPCR).
| Dextran sodium sulfate-induced colitis
C57BL/6 WT mice were administered dextran sodium sulfate (DSS; [MP Biomedicals, Solon, Ohio]) at 3% in drinking water ad libitum for 7 days. Feces and blood were collected at day 0 (before DSS treatment) and day 7. -Hemolysis-free serum was collected by centrifugation using serum separator tubes.
| Collagen antibody-induced arthritis model
BALB/C WT mice received collagen antibodies injections (200 μL) on day 0 by an intravenous (tail vein) injection.
(On day 6, mice received lipopolysaccharide (200 μL) by IP injection in order to boost the effect). Blood samples were collected from each mouse on pretreatment (day 2) and on posttreatment (day 12) from the jugular vein. Hemolysisfree serum was collected by centrifugation of the collected blood using serum separator tubes.
2.6 | TLR5−/− model of metabolic syndrome TLR5−/− spontaneously develop metabolic syndrome as previously described [20] . Age-matched WT and TLR5−/− mice were fasted for 5 hours and baseline blood glucose levels measured with a blood glucose meter (Roche) using blood collected from the tail vein.
| Spectroscopy and data processing
A Bruker Vertex 70 FTIR spectrometer with a HarrickScientific MVP-Pro ATR accessory configured to have a single reflection of the infrared radiation was used to obtain all the spectroscopic results (see Appendix S1, Supporting Information, for detailed). The samples were scanned covering the wavelength range of 4000 to 400 cm −1 and the 1800 to 1000 cm −1 section was used for this study. The 5 reads of the 50 co-added spectral scans for each sample (total of 250 scans) were averaged. The 1800 to 1000 cm
range was selected for analysis. Using OPUS 7.2 software, all the spectra were internally normalized [21] at the absorbance peak positions of Amide I. Spectral deconvolution was also done to better resolve the peaks by obtaining the second derivative using Microsoft Excel software. Prior to curve fitting, the spectra were rubber band (2 point) baseline corrected [22] for the amide I region (1700-1600 cm
−1
). Four Gaussian oscillators whose positions were obtained from the second derivative were used to fit the experimental curve in the amide I region (1700-1600 cm
) by iteratively varying each oscillator intensity and width while minimizing the root-mean-squared (RMS) error to <0.005 using the Levenberg-Marquardt algorithm.
| RESULTS AND DISCUSSION
An ATR-FTIR absorbance spectrum, covering the 1800 to 1000 cm −1 (fingerprint) region can be mapped by using multiple Gaussian oscillators corresponding to the expected individual biological components (rather than unique vibrational bonds) that have majority contribution to the absorbance peaks. The valley positions of the second derivative of the absorbance curves suggest the frequency positions of the oscillators. As seen in Figure 1 , a simulated curve can be obtained that best fits the experimental absorbance spectrum of a noncolitic dried serum. The goodness of fit is iteratively improved by varying the intensities (concentration) and widths (broadening effect) of the individual oscillators. Table 1 shows the list of oscillators, and their corresponding biological components, used to obtain the best fit. The fit is optimized by minimizing the RMS error using the Levenberg-Marquardt algorithm. When fitting the entire fingerprint region, in some cases, multiple oscillator parameter combinations may be possible for similar RMS error values for the same spectrum. This is avoided by sectioning the spectrum to biological functional groups (such as Amide I discussed in this article) which ensures a unique and singular fitting solution. Such curve fitting protocols used with pure material absorbance curves such as mannose, glucose and carbohydrates will quantify the concentrations of each compound in order to calibrate the colitis sample spectra.
Amounts as small as 75 pg of mannose have been detected using this spectroscopic technique. Similar fitting can be obtained for the diseased sample allowing us to determine the disease-induced differences in the dried serum spectra.
In order to identify induced changes in protein secondary structure specific to colitis, we used IL-10−/− mice, a genetically engineered model that spontaneously develop chronic inflammation of the small intestine and colon with massive infiltration of lymphocytes, activated macrophages and neutrophils and the chemically induced DSS mice model. α-Helices that aid in the binding of DNA and transmembrane spanning [24] and β-sheets are components of protein secondary structures with vital functions. It has been reported [25, 26] that FTIR spectroscopy is well suited for the analysis of secondary structure of polypeptides and proteins. This analysis of proteins by deconvolution of FTIR spectra is in good agreement with the data obtained from X-ray crystallography [27] . Studies further showed that the absorption at these bands (1650 and 1630 cm ) is not entirely due to α-helix and β-sheet but are unequivocally the major contributors [27] . β-Sheets are polypeptide strands woven together with the aid of hydrogen bonding giving the appearance of ribbons or sheets. Their functions include recognition of target binding sites, domain stability and protein folding. α-Helix and β-sheet are the primary factors deciding the structure of proteins [28] which directly relates to their functions. In the ATR-FTIR spectra of the dried serum, the primary absorbance contribution to the amide I band comes from α-helix and β-sheets of proteins. The absorbance peaks representative of the individual components of amide I can be better resolved by obtaining the second derivative of the spectra which represents the rate of change of slope at each wave number FIGURE 1 Spectrum for normal mouse serum with the major peaks assigned. All spectra are normalized to amide I peak at 1642 cm −1 . All the Gaussian oscillators (see Table 1 ) required to obtain a good fit to the experimental curve are shown, among which, 3: α-helix, 4: β-sheet, 17: Mannose and 18: Glucose are already proven to facilitate screening of colitis position (Figure 2 ). Once the positions were determined, the absorbance curves were sectioned to 1700 to 1600 cm −1
(amide I) region followed by a 2-point rubberband baseline correction. Gaussian oscillators representative of the prominent individual secondary structure components were used to fit the experimental curve. The final fitting solution was unique and singular for each spectrum allowing one to compare the position, intensity and full-width at half-maximum (area under the curve) parameters with other curves processed using the same protocol. The intensities of the peaks (in cm
) at approximately 1610 and 1682 assigned [29] as side-chain vibrations and antiparallel β-sheet/β-turn combination, respectively, do not show any statistically significant change due to the development of colitis in either DSS or IL10−/− colitic mice. Side chains are the variable components linked to the central carbon atoms backbone of an amino group [30] . Depending on their propensity to be in contact with polar solvent like water, these are hydrophobic, polar or charged. Due to these properties, side chains confer different chemical, physical and structural properties of the final protein. Similarly, the peaks (in cm
) at approximately 1630 and 1652 have been assigned [23] as vibrational modes of β-sheet and α-helix, respectively. The α-helix component intensity appears to reduce while the β-sheet component intensity increases simultaneously for colitic compared to noncolitic samples in both DSS and IL10−/− mice.
In this study of dried serum sample at room temperature, second derivative spectra (Figure 2A ) clearly depicts the 4 valley positions showing the significant presence of side chain, α-helix, β-sheet and β (anti−//+turn) structures. The impact of another integral unit of a protein structure, random coil is negligible (<1.4%) compared to other 4 identified components. It has been reported that the concentration of random coil is significant in heat-induced denatured proteins [31] . However, the serum sample used in our study does not have denatured proteins. In order to assess its impact in our study, component structures were modeled using oscillators without ( Figure 2B ) and with ( Figure 2C ) the inclusion of random coil structure during spectral deconvolution. Table 2 shows the percentage integral strength and positions of each of the oscillators. These quantified values clearly illustrate that the inclusion/exclusion of random coil structures has negligible impact on the integral strength and hence on the sensitivity or specificity of the present screening technique. Furthermore, it is noted that as the serum sample dries, the protein secondary structure conformations can change marginally [32] , this effect is minimum [33] and more importantly, similar for both control and diseased samples as the same protocol is followed.
The concentrations of the secondary structures can be determined by obtaining the area enveloped by each component. In order to assess the specificity of such spectral signature for intestinal inflammation, extraintestinal inflammatory models, namely collagen antibody-induced arthritis and toll-like receptor 5 knockout metabolic syndrome were employed as controls. The plot of the mean area integral ratio of α-helix and β-sheet for colitic (DSS, IL10−/−), metabolic syndrome, arthritis samples is shown in Figure 3 along with the SE of means. It is noted that the ratio of α-helix/β-sheet integrals is always less than the controls for both colitis models with statistical significance >99%. However, metabolic syndrome and arthritis do not show a significant separation indicating that the ratio of these secondary structures provide a unique screening signature for colitis when considering the symptomatically closely associated diseases. In arthritis, it must be noted that the ratio was tending to be greater in diseased than in the control samples which is opposite to the trend observed in colitic samples.
Previous reports showed that the colitic phenotype of IL10 −/− mice can be reversed using anti-TNFα antibodies [34] , which is a commonly used therapy for human IBD. Indeed, anti-TNFα antibodies have been used effectively not only to mitigate symptoms of IBD but also to heal intestinal inflammations [35] . Consistent with the prior study, we treated 9 of the 16 IL10−/− mice with the anti-murine TNF monoclonal antibody, CNTO5048 (provided by Janssen Biotech), at a dosage of 10 mg/kg twice a week starting at D28 for 10 weeks. To confirm the effect of anti-TNFα therapy in our model, we assessed at the age of 14 weeks, various markers of inflammation by qPCR. Anti-TNFα therapy successfully reduced the levels of various proinflammatory cytokines in the colon of IL10−/− (see Appendix S1). The absorbance spectra of serum drawn at week 14 from anti-TNFα treated mice were compared with the noncolitic and colitic IL10 −/− sample spectra. Importantly, when treated by anti-TNFα, the secondary protein structure ratios in IL10−/− are similar as in the nontreated noncolitic IL10−/− mice (Figure 3 ), indicating that treating colitis reverse ratios of secondary protein structures in sera of IL10−/− albeit a genetic predisposition. The latter finding strengthens the Contribution of oscillator representing random coil structure is very small (<1.4%, in all n = 90 mice) and becomes zero during deconvolution within fingerprint region as in Figure 1 .
FIGURE 3
Plot showing the mean ratio of the area integrals of α-helix/ β-sheet indicating that the colitic (DSS and IL10−/−) integral ratio is always lower than 3.9 and for the noncolitic and the controls it is always higher than 4.4. The interval values are almost similar with the inclusion of random coil structures (ie, the separation 3.9-4.4 without random coil changes to 3.6-4.2 after its inclusion) during deconvolution process. This proves the robustness of the α-helix/β-sheet area integral ratio as a sensitive and selective screening signature for colitis. Each marker represents the mean (IL10−/−: 16 non-colitic, 9 colitic and 9 anti-TNFα treated, DSS: 12 controls, 12 colitics, arthritis: 4 normals and 4 diseased and metabolic syndrome: 4 normal and 4 diseased). The error bars indicate the SE of mean FIGURE 4 Plots of the intensities of the α-helix and β-sheet components for colitis (IL10−/−, DSS) and extraintestinal inflammatory models (arthritis and metabolic syndrome). Colitic and noncolitic clusters are separated with colitic being higher when considering the β-sheet intensity and colitic being lower when considering α-helix intensity. The noncolitic IL10−/− and anti-TNFα treated clusters conform to each other. Arthritis data show the opposite trend with metabolic syndrome not showing any difference. When random coil is included during the deconvolution, absorbance values are slightly shifted without altering the trend potential of using protein secondary structure as marker for colitis. When the intensities of the individual oscillators are plotted (Figure 4) , there is an apparent downshifting of the α-helix frequency in the colitic data. This could be the result of a change in the overall protein composition in sera of colitic mice with a majority of them having α-helices of increased lengths [36] . Similarly, the upshifting of β-sheet frequency could indicate an increased presence of sheets with smaller number of strands. IL10 −/− knockout mouse spontaneously develop colitis in the time-dependent manner.
The severity of disease also varies between individual mice because of spontaneous nature of its development. Data points of IL10 −/− colitis model with a larger spread reflect this variability. In contrast, data points in DSS model were closely clustering together as the development of colitis is ensured chemically and is well controlled. Ratio between the 2 secondary structures which differentiate colitis form corresponding controls with higher significance (>99%) is thus a new signature for colitis screening. As seen in Figure 5 , the anti-TNFα treated averaged spectra follows the noncolitic averaged spectra with high conformity (with P values much greater than .5) while markedly differing from the colitic spectra (with P values less than .0002) in the carbohydrates [11] and amide I regions. The reversibility of the observed spectra when colitis is minimized in susceptible mice, confirm the validity of the mannose and the α-helix/β-sheet integral ratio as screening signatures for colitis.
Student's t test was performed on the absorbance spectra of colitic and control spectra for both models. Seven additional spectral absorbance peaks ( Figure 6 ) were chosen as signatures (giving a total of 9 with the previously identified glucose and mannose signatures [11] ) with a significance better than 0.05 (ie, 95% or higher). These were assigned as C═O stretching of lipids and polysaccharides (1740 cm −1 ), β-sheet of amide I (1635 cm ). Increased levels of collagen in serum have been reported [37, 38] due to collagen deposition in the mucosal and submucosal layers of the colitis stricken colon [39] . These additional signatures will be corroborated with proper controls and other assays in future research work. The results of our present study show that the ATR-FTIR spectroscopy of serum sample offers a safer and costeffective technique for initial screening of colitis. Protein secondary structure analysis (α-helix to β-sheet structure integral ratio) along with the previously reported glucose and mannose signatures [11] has been shown to selectively screen for colitis while employing appropriate controls. Seven new spectral signatures were chosen as differentiating markers for colitis based on the second derivative of the absorbance with >95% significance. Studies [40, 41] have already demonstrated that the direct causative effect of protein secondary structure mutations to diseases. Studies also reported [42] that certain proteins are either up or downregulated selectively as a result of colitis. This melded manifestation of the protein changes is most likely the primary reason for the colitis induced α-helix to β-sheet, integral ratio change observed in the DSS and IL10−/− models. Colitis inflammation was mitigated by anti-TNFα therapy, which has been spectroscopically verified, thereby corroborating the validity and specificity of this screening signature. Furthermore, the pathological analyses of colon biopsies show an elevation of mannose on mucosal layer of patients with UC [43] . This biopsy analysis coupled with our findings using mouse serum show the promise of the possible transfer of this technique to human study. Colonoscopy which is the gold standard for colitis detection is not a simple cost-effective solution for routine screening. This ATR-FTIR spectroscopy of serum sample which offers a safer, minimally invasive and inexpensive alternative for initial screening of colitis can allow a physician to decide the need for colonoscopy. This technique may thus also appeal to a larger group of people who might be reluctant to undergo colonoscopy for routine screening. If this screening indicated the need, the colonoscopy can be performed afterward. Furthermore, this technique can be potentially used as a monitoring tool for remission or relapse since the spectral markers are sensitive to lowered inflammation even in susceptible hosts. Colitis screening study using ATR-FTIR spectroscopy of serum sample should be extended to UC or CD patients and dose-dependent regression after anti-TNFα treatment ought to be explored. Further work is thus in progress to investigate dose-dependent regression of inflammation and the associated spectral signatures in mice with colitis, and translation of markers identified in mouse model to UC or CD patients with respect to ATR-FTIR detection. 
